The intestinal flora may promote colon tumor formation. Here we explore immunologic mechanisms of colonic carcinogenesis by a human colonic bacterium, enterotoxigenic Bacteroides fragilis (ETBF). ETBF that secretes B. fragilis toxin (BFT) causes human inflammatory diarrhea but also asymptomatically colonizes a proportion of the human population. Our results indicate that whereas both ETBF and nontoxigenic B. fragilis ( 
a r t i c l e s
Infection-associated inflammatory processes are known to enhance carcinogenesis in the affected organs. In humans, for example, chronic hepatitis (hepatitis B virus or hepatitis C virus) leads to liver cancer, and chronic Helicobacter pylori infection leads to gastric cancer in some individuals 1, 2 . Increased cancer incidence is likewise found in experimental mouse models of both infection-induced and noninfectious inflammation. Conditional knockout mice have shown the importance of nuclear factor-κB (NF-κB) signaling not only in the epithelial cells that are the target of transformation but also in myeloid cells that contribute to inflammation 3, 4 . How NF-κB-induced inflammatory processes drive carcinogenesis is unclear, although IL-6 seems to be pivotal 5, 6 . IL-6 induces the procarcinogenic Stat3 pathway and transcriptionally activates proliferative, antiapoptotic and proangiogenic genes involved in cancer growth 7 . Stat3 signaling organizes the immune microenvironment of tumors to block generation of antitumor immune responses 8 .
In contrast, little information exists on how adaptive immunity, particularly T cell responses, promote cancer. Given that T cell responses generate antitumor responses and more tumors occur in Rag -/-mice 9 and mice with defective interferon signaling 10 , chronic innate inflammatory responses are postulated to promote carcinogenesis, whereas T cell-dependent responses are postulated to inhibit carcinogenesis.
Three effector pathways of T cell differentiation are now defined: T H 1 responses promoted by Stat1 and Stat4 signaling, T H 2 responses promoted by Stat6 signaling and T H 17 responses promoted by Stat3 signaling 11, 12 . T H 1 responses, driven by IL-12 and characterized by interferon-γ (IFN-γ) production, are typically anticarcinogenic, whereas little is known about the contribution of T H 2 or T H 17 responses to cancer 10 .
The role of infectious and inflammatory processes in colon carcinogenesis is of considerable interest, as ~1 × 10 13 commensal bacteria colonize the colon, with inflammation resulting if colonic epithelial homeostasis is disrupted 13 . Indeed, ulcerative colitis results in predictable development of colon cancer over time. The key role of inflammation in colonic carcinogenesis is emphasized by the diminished tumor formation in multiple intestinal neoplasia (Min) mice (heterozygous for the adenomatous polyposis coli (Apc) gene) when Toll-like receptor signaling is abrogated 14, 15 . Because certain human enteric bacteria cause colitis, there is interest in whether any of them can promote colon cancer, analogous to the H. pylori promotion of stomach cancer 1, 16 . We are studying a molecular subgroup of B. fragilis, ETBF, that produces a metalloprotease toxin termed BFT. ETBF causes acute inflammatory diarrheal disease in children and adults but also asymptomatically colonizes up to 20%-35% of A human colonic commensal promotes colon tumorigenesis via activation of T helper type 17 T cell responses a r t i c l e s adults 17 . One study has found higher ETBF colonization in individuals with colon cancer relative to controls without colon cancer 18 .
Here we explored potential mechanisms of ETBF-induced colitis and carcinogenesis. We show that ETBF persistently colonizes Min mice with a rapid, strong selective activation of Stat3, whereas the non-toxinproducing NTBF strain colonizes but induces neither colitis nor Stat activation. ETBF colitis is characterized by a selective T H 17 response with markedly increased colonic tumor formation. The T H 17 response directly contributes to ETBF-induced tumorigenesis. These results demonstrate a Stat3-and T H 17-dependent pathway for colon carcinogenesis induced by a common human commensal bacterium, thereby defining a distinct role for adaptive immunity in colon cancer pathogenesis.
RESULTS

ETBF stimulates rapid colitis and colon tumors in Min mice
Min mice colonized with ETBF, but not NTBF, usually developed brief diarrhea by 2-3 d, with resolution of the symptoms by 4-5 d after colonization. Asymptomatic high-level colonization (≥1 × 10 9 colony-forming units per g feces) with NTBF or ETBF occurred by day 3 after infection and persisted. Only ETBF-colonized mice showed a marked increase in colonic thickness, inflammation and visible colonic tumors, especially distally, at 4 weeks or later (Fig. 1a-c and Table 1 ). Histopathology of ETBF-colonized colons confirmed increases in inflammation, hyperplasia and gastrointestinal intraepithelial neoplasia (GIN) foci compared to sham-treated or NTBF-infected colons ( Table 1 and Fig. 1c) . Linear regression analysis of inflammation or hyperplasia severity supported an association between ETBF-induced inflammation or hyperplasia with GIN and gross colon tumor detection (Fig. 1d) . Furthermore, we detected GIN, inflammation and hyperplasia only in ETBF-colonized colons at 1 week after colonization (Fig. 1c) . These data suggest that ETBF induces de novo tumor formation quickly and may enhance tumor growth rates. Tumors in ETBF-colonized mice were typically laden with inflammatory infiltrates comprised of granulocytes and mononuclear cells not seen in tumors in sham-inoculated or NTBF-colonized Min mice (Fig. 1c) . We did not observe an increase in the number of small bowel tumors 
NA, not applicable.
a P < 0.015 versus 1 week sham and NTBF; independent comparisons. b P < 0.0004 versus 1 week sham and NTBF; independent comparisons. c P < 0.042 versus 1 week sham and NTBF; independent comparisons. d P < 0.0006 versus 4-6 week sham and NTBF; independent comparisons. e P < 0.0004 versus 4-6 week sham and NTBF; independent comparisons. f P < 0.018 versus 4-6 week sham and P = 0.10 versus NTBF; independent comparisons. g P < 0.0005 versus 4-6 week sham and NTBF; independent comparisons. 
ETBF selectively activates Stat3 in the colon
To address the mechanisms of ETBF-induced colitis and carcinogenesis, we assessed activation of Stat proteins. Stat proteins are a family of transcription factors activated by cytokine receptor signaling through tyrosine phosphorylation with nuclear translocation and are central to the regulation of immune responses 19 . Stat1 and Stat4 contribute to T H 1-dependent immune responses, whereas Stat6 has a key role in T H 2 responses. Stat3 transduces signals from numerous growth factor and cytokine receptors, is constitutively activated in diverse cancers and is absolutely required for T H 17 cell generation while simultaneously negatively regulating T H 1-mediated inflammation 11, [20] [21] [22] . Using antibodies specific for each phosphorylated Stat protein, we found that only phosphorylated Stat3 (pStat3) was abundant in the colonic mucosa of ETBF-colonized Min mice at 2 d after infection (Fig. 2a) , whereas we found only faint pStat3 staining in some sham or NTBF-colonized Min mouse colons (Fig. 2a) . We did not detect pStat1, pStat2, pStat5 or pStat6 in the colons of any mouse experimental group (Fig. 2b) . We did detect very faint pStat4 signals in some ETBF-colonized Min mice (data not shown). The colons of wild-type (WT) C57BL/6 mice revealed identical pStat staining ( Supplementary Fig. 1a ), indicating that the highly selective activation of predominantly Stat3 by ETBF colonization is independent of the Apc mutation in Min mice.
We used immunohistochemistry to examine the cellular localization and time course of pStat3 activation in ETBF-colonized mice. Stat3 activation occurred in colonic epithelial cells and a subset of infiltrating immune cells in ETBF-colonized Min mice at 2 d to 4 weeks after colonization compared to pStat3 staining in NTBFcolonized or sham mice at the same time points (Fig. 2c and Supplementary Fig. 1b) . In addition to nontumorous epithelium, we found 13 tumors of variable sizes in random colon histopathology sections of seven ETBF-colonized Min mice, and all 13 tumors showed intense epithelial cell pStat3 activation and pStat3 staining in a subset of mucosal immune cells (Fig. 2d) . The low frequency of tumors in NTBF-colonized or sham-treated Min mice limited our ability to detect tumors in random colon sections. However, in three tumors that we identified in NTBF-colonized or sham Min mice sections, the pStat3 staining was less consistent and less intense, particularly in the epithelial compartment (Fig. 2d) . Thus, beyond inducing tumors in Min colons, ETBF colonization quantitatively alters at least one oncogenic signaling pathway in already established tumors.
ETBF induces dominant colonic T H 17 inflammatory infiltrates
Stat3 signaling is absolutely required for the generation of T H 17 cells, and pStat3 binds the Il17a and Il17f promoters [20] [21] [22] . We, therefore, wondered whether pStat3 activation by ETBF colonization of Min mice initiates a T H 17 mucosal immune response. FACS analysis (n = 8 experiments) of isolated intraepithelial lymphocyte and lamina propria lymphocyte populations showed an approximately four-to fivefold higher number of CD4 + T cells in the lamina propria of ETBF-colonized Min mice after 1 week as compared to NTBFcolonized or sham Min mice (data not shown).
ETBF-colonized Min mice indeed developed a strongly skewed T H 17 response characterized by equally contributory IL-17-secreting CD3 + CD4 + and CD3 + CD4 -effector populations in the lamina propria (Fig. 3a,b) . We did not find expanded IL-4-producing T cell effector populations, and the modest number of IFN-γ-producing CD3 + CD4 + T cells produced low amounts of IFN-γ (Fig. 3a) . In contrast to colonic lymphocytes, CD4 + TCRαβ + and CD8 + TCRαβ + splenic cells isolated from ETBF-colonized mice showed enhanced IFN-γ staining with minimal IL-17 production (Supplementary Fig. 2 ). We obtained similar results for WT mice (Fig. 3c) .
To further identify the IL-17-producing mucosal T cell populations in ETBF-colonized Min mice, we used antibodies to distinguish between classical (TCRαβ-bearing) and nonclassical (TCRγδ-bearing) T cells. IL-17 production by CD3 + CD4 -T cells in ETBF-colonized Min or WT mice was attributable to CD3 + TCRγδ + lamina propria cells (Fig. 3d) . In contrast, neither lamina propria CD3 + CD8 + cells nor CD3 -cells showed intracellular IL-17 staining in ETBF-colonized Min or WT mice (Supplementary Fig. 3) .
Beyond Stat3 activation, induction of a T H 17 immune response typically requires IL-6, which, together with transforming growth factor-β (TGF-β) (and augmented by IL-1β), induces T H 17 Fig. 1b) . (Fig. 3e) . Histopathology of ETBF-colonized, CD4-targeted, Stat3-knockout mice revealed significant decreases in inflammation and hyperplasia compared to littermate Stat3-sufficient mice, consistent with the contribution of CD4 + cells and Stat3 signaling to ETBF colitis (P ≤ 0.03, Supplementary Table 1) .
By quantitative RT-PCR (qRT-PCR), we detected markedly higher levels of IL-17 messenger RNA in the colonic mucosa of ETBFcolonized Min and WT mice relative to NTBF-colonized mice at 1 week after colonization ( Supplementary Fig. 4) , consistent with our detection of IL-17 protein in CD4 + and CD4 -T lymphocytes (Fig. 3b) . We also found higher levels of IL-1β, IL-6, IL-23 and TGF-β mRNA 1 week after ETBF colonization, although the differences in TGF-β mRNA were not significant (Supplementary Fig. 4) . 
r t i c l e s
A major component of TGF-β regulation occurs after transcription; thus, its mRNA levels are less informative than the mRNA levels of the other cytokines. Lastly, we examined sorted CD3 + CD4 + lymphocytes from Min mice colonized with ETBF or NTBF by qRT-PCR for induction of the gene encoding the T H 17-specific transcription factor, RORγt 23 , in parallel with the Il17a gene. In CD3 + CD4 + T cells isolated from the colons of ETBF-colonized mice, expression of the gene encoding RORγt was tenfold higher (± 2.6, mean ± s.e.m.) and Il17a gene expression was 21-fold higher (± 2.6) compared to NTBFcolonized mice.
Blockade of IL-17 inhibits ETBF-induced colon tumors
To evaluate the contribution of T H 17 inflammatory cells to ETBFinduced tumor formation in Min mice, we conducted experiments with IL-17A-, IL-23 receptor (IL-23R)-or IFN-γ-neutralizing antibodies. Of the six isoforms of IL-17, IL-17A predominates in humans and mice and in the colonic mucosa after 1 week in ETBF-colonized Min or WT mice (Supplementary Fig. 4) . Blockade of IL-17A alone or combined blockade with IL-23R significantly inhibited colon tumor formation at 5 weeks after colonization (Fig. 4a,b) . The size distribution of the tumors did not differ between the mice treated with IL-17-and IL-23R-neutralizing antibodies mice compared to isotype controls (Supplementary Fig. 5 ), emphasizing the contribution of the T H 17 response in tumor initiation and suggesting a minor role in tumor growth rate. In contrast, IFN-γ blockade did not modify ETBF-induced colon tumorigenesis (Fig. 4b) . IL-17A blockade did not detectibly modify pStat3 levels, as determined by western blotting, nor did it affect the cellular distribution of pStat3, as determined by immunohistochemistry, in the colons of ETBF-colonized WT or Min mice, suggesting that Stat3 activation is upstream of IL-17 induction (Supplementary Fig. 6 ).
Histopathology revealed marked inhibition of colonic mucosal proliferation with fewer infiltrating leukocytes (Fig. 4c) and GIN foci on random colon tissue sections in ETBF-colonized Min mice treated with IL-17A-blocking antibodies or both IL-17A-and IL-23R-blocking antibodies for 5 weeks compared to ETBF-colonized mice treated with isotype control antibodies for 5 weeks (P < 0.02, Supplementary Table 2) . We obtained similar results in ETBF-colonized Min mice treated with IL-17A and IL-23R blockade for 1 week (Fig. 4d) .
We next examined whether depletion of CD4 + or TCRγδ + T lymphocytes modifies tumor induction in ETBF-colonized Min mice. Antibody-mediated depletion of CD4 + T lymphocytes significantly inhibited the accelerated tumor formation detected 4-6 weeks after ETBF inoculation when compared to ETBF-colonized mice treated with an isotype control antibody (P = 0.009), whereas TCRγδ + T cell depletion did not modify ETBF-induced colon tumors (Fig. 5) . This result provides a direct example that endogenous CD4 + T responses contribute to infection-induced carcinogenesis.
DISCUSSION
To our knowledge, the results presented here are the first to demonstrate a direct role for endogenous T cell immune responses in infection-induced carcinogenesis. Our intracellular cytokine staining (ICS) and in vivo antibody blockade experiments further implicate a T H 17 response, driven by Stat3 activation, as being crucial to the procarcinogenic effect. This newly described mechanism for infection-induced carcinogenesis may be highly relevant for human carcinogenesis, as, in contrast to all other models of murine colitis, our model uses colonization with a human commensal bacterium, ETBF, that has been epidemiologically linked to colon cancer 18 . In this model, essentially all of the IL-17 production is similarly distributed between two T cell subsets, CD4 + TCRαβ + and CD4 -8 -TCRγδ + T cells. Our in vivo depletion experiments emphasize the contribution of classical CD4 + T H 17 cells in ETBF-induced colon tumorigenesis, as CD4 + , but not TCRγδ + , T cell depletion markedly lowers tumor number. It is still possible that colonic γδ T cells contribute to the overall tumorigenesis process but that IL-17 production by CD4 + T H 17 cells is sufficient to induce tumorigenesis in the absence of γδ T cells.
In addition to promoting T H 17 development and IL-17 transcription, it has been found that Stat3 activation in the tumor microenvironment inhibits IL-12p35 transcription while enhancing IL-23p19 transcription, thereby shifting the balance from IL-12 to IL- 23 (ref. 24) . This finding, together with the finding that 9,10-dimethyl-1,2-benzanthracene-induced skin carcinogenesis is diminished in IL-23p19-knockout mice and enhanced in IL-12p35-knockout mice 25 as well as the results presented here, suggest that Stat3 potentially promotes a complex procarcinogenic T H 17-type immune response. Beyond the immune compartment, Stat3 activation in the intestinal epithelial compartment also contributes to colon carcinogenesis in the axozymethane with dextran sulfate sodium model 26, 27 . Tissueselective Stat3 knockouts on the Min background will be necessary to define the specific roles of Stat3 activation in the various cell types in ETBF colitis.
Although recent work on inflammation-induced carcinogenesis has focused on innate pathways, particularly the NF-κB and myeloid differentiation factor-88 pathways 3, 14 , little is known about the direct role of adaptive responses in general and T cell responses in particular. In a transgenic model of skin carcinogenesis driven by keratinocyte-specific expression of the human papillomavirus-16 E6 and E7 oncogenes, B lymphocytes proved to be major promoters of tumor formation 28 . Recent adoptive transfer studies of activated T cells into Rag2 -/-(T and B cell deficient) × Min mice 29, 30 and Ifng −/− TCR transgenic T cells into RIP1-Tag2 (rat insulin promoter driving T antigen expression) transgenic mice that develop islet cell tumors 31 demonstrated the potential for T cells to promote tumor development. However, to our knowledge, no previous study has yet documented a direct role for endogenous T cell responses as a mechanism for infection-induced cancer.
In contrast, a number of recent studies in Rag-knockout mice and mice deficient in interferon signaling show a clear role for lymphocytes in inhibiting cancer development and forcing emerging tumors to edit themselves to evade immune elimination 10, 32 . The finding that the procarcinogenic T cell response in our system is T H 17 mediated suggests that the role of T cell responses in inhibiting or promoting carcinogenesis may depend on the qualitative response. Stat3-driven a r t i c l e s T H 17 responses, characterized by production of IL-17A in mice and humans and driven by IL-23, are crucial in mucosal inflammatory responses in the lung and gut and are implicated in a number of autoimmune disorders 11, [33] [34] [35] . Although the mechanisms by which ETBF-induced T H 17 responses promote colon carcinogenesis remain undefined, two of our notable histopathological findings in ETBF-colonized colons are the marked epithelial hyperproliferative response and the inflammatory infiltrates, both of which were substantially lessened upon in vivo blockade with IL-17-and IL-23R-blocking antibodies. We observed abundant granulocytes in ETBF-colonized colons, consistent with the reported role of T H 17 responses in amplifying granulocytic inflammatory responses 11 . We are currently evaluating whether IL-17 and other T H 17 cytokines promote colonic epithelial hyperproliferation and whether specific T H 17-induced granulocyte products such as reactive oxygen or nitrogen species contribute to the rapid GIN induction (1 week) by ETBF.
Although the intestinal T H 17 mucosal response to ETBF is not unique, we believe the rapid induction of colonic tumors in young Min mice is unique among reported data on enteric pathogens. Two mouse enteric pathogens, Citrobacter rodentium and Helicobacter hepaticus, may induce colonic mucosal T H 17 immune responses [33] [34] [35] . However, IL-23 deficiency results in a fatal colitis in mice infected with C. rodentium but diminished colitis in mice infected with H. hepaticus, suggesting pathogen-specific roles for T H 17 immunity in colitis. Both of these nonhuman enteric pathogens can induce colonic tumors in Min mice, with C. rodentium inducing modest colonic tumor induction after 5 months 36 and H. hepaticus-associated colonic oncogenesis observed only in aged immune-insufficient mice such as Rag2 −/− × Min or 129/SvEv Rag2 −/− mice or mice with, for example, defective TGF signaling 37, 38 . Salmonella typhimurium induces T H 17-associated ileitis in rhesus macaques, and uncharacterized commensal flora in mice induce CD4 + T H 17 cells with colitis induction upon adoptive transfer to Rag1 −/− mice, but links to colonic tumor pathogenesis have not been reported 39, 40 .
NTBF strains that do not secrete BFT, the only identified ETBF virulence factor, do not stimulate colonic Stat3 activation, T H 17 mucosal immune responses nor enhance colonic tumor formation in Min mice, suggesting that BFT has a central role in triggering a procarcinogenic colonic mucosal response. Mechanistic data suggest that BFT acts as an oncogenic bacterial toxin through cleavage of E-cadherin, a tumor suppressor protein, triggering β-catenin nuclear signaling and colonic epithelial cell proliferation 41, 42 . BFT also triggers activation of NF-κB, resulting in colonic epithelial cell secretion of proinflammatory cytokines 43 . We postulate that ETBF is a human oncogenic bacterium, owing to its production of BFT in vivo 43 and its association with colonic inflammation 17, 44 . To date, one report from Turkey supports this hypothesis 18 . Colonic tumor induction by ETBF in human populations would probably require long-term colonization. Although longitudinal carriage of B. fragilis is poorly characterized, ETBF is prevalent, at least in some locales, with 4-35% of studied populations showing asymptomatic fecal carriage 43 .
Commensal colonic bacteria are often cited as crucial environmental factors influencing the development of colorectal cancer, but linkages to specific organisms and the mechanisms promoting oncogenesis have been tenuous 16 . We have demonstrated the oncogenic potential of a human colonic commensal organism, and our data are reminiscent of early studies of H. pylori, an ancient gastric commensal, colonizing more than 50% of the global population, that routinely induces gastritis and, infrequently, also induces gastric cancer 1 . The mucosal immune response to H. pylori is also T H 17 skewed, consistent with our observations linking ETBF-induced colonic mucosal T H 17 inflammation to colonic tumor formation 45 . Together, our observations underpin the necessity of human studies to identify potential links between ETBF colonization, colonic Stat3 activation, colonic T H 17 responses and human colorectal cancer.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemedicine/.
